Since the ability of cancer cells to evade apoptosis often limits the efficacy of radiotherapy and chemotherapy, autophagy is emerging as an alternative target to promote cell death. Therefore, we wondered whether Rottlerin, a natural polyphenolic compound with antiproliferative effects in several cell types, can induce cell death in MCF-7 breast cancer cells. The MCF-7 cell line is a good model of chemo/radio resistance, being both apoptosis and autophagy resistant, due to deletion of caspase 3 gene, high expression of the antiapoptotic protein Bcl-2, and low expression of the autophagic Beclin-1 protein. The contribution of autophagy and apoptosis to the cytotoxic effects of Rottlerin was examined by light, fluorescence, and electron microscopic examination and by western blotting analysis of apoptotic and autophagic markers. By comparing caspases-3-deficient (MCF-7 3def ) and caspases-3-transfected MCF-7 cells (MCF-7 3trans ), we found that Rottlerin induced a noncanonical, Bcl-2-, Beclin 1-, Akt-, and ERK-independent autophagic death in the former-and the caspases-mediated apoptosis in the latter, in not starved conditions and in the absence of any other treatment. These findings suggest that Rottlerin could be cytotoxic for different cancer cell types, both apoptosis competent and apoptosis resistant.
Introduction
Some forms of cell death are biologically programmed, therefore, they can be pharmacologically modulated. This knowledge stimulated the study of these cellular events in various fields of medicine, especially in the development of anticancer therapies.
Currently, programmed cell death (PCD) refers to both apoptosis (type I PCD) and autophagy (type II PCD).
Until recently, apoptosis was thought to be the major mechanism of cell death in response to chemo-and radiation therapy. However, the frequent deregulation of the apoptotic pathway in cancer cells constitutes a serious clinical problem, and, as an alternative route of cell death, autophagy is emerging as an important target for new anticancer drugs.
Autophagy is typically a physiologic survival mechanism which permits to enclose toxic debris, misfolded proteins, and damaged organelles in a double-membrane autophagosome and drive them towards the lysosomal degradation. In addition to the removal of cellular garbage, to limit necrosis and inflammation, the recycle of macromolecules also constitutes a valid alternative energy source during stresses, such as starvation and hypoxia. However, when this survival strategy is unsuccessful, the cell death programs can be activated. Indeed, depending on the cell type and the level of the insult, autophagy can shift gradually towards apoptosis and necrosis, or occur simultaneously, or lead to cell death by itself.
Therefore, paradoxically, both inhibition and massive stimulation of autophagy can hinder cell survival and increase cell death [1] .
In previous studies, we found that Rottlerin, a natural polyphenol purified from the kamala powder [2] , may act as an antitumor agent by a variety of mechanisms, such as Akt and ERK-independent cell cycle arrest in MCF-7 cells [3] , functional suppression of the transcription factor NFκB in MCF-7, HT-29 cells [4] , and in HaCaT keratinocytes [5] and angiogenesis inhibition [6] . Several other studies have reported the anticancer potential of Rottlerin in different human malignant tumor cells. For example, Rottlerin sensitizes cancer cells to apoptotic stimuli [7] [8] [9] and promotes autophagy in certain cell types [10] [11] [12] .
Rottlerin, however, possesses so many biological activities that the primary molecular target and mechanism of action by which Rottlerin can kill cancer cells are unpredictable [13, 14] . Rottlerin, indeed, is a very versatile substance that has been used for decades as a PKCδ inhibitor [15] , though recently it has been shown that Rottlerin does not inhibit this kinase in vitro, but several other enzymes [16] activates the BK potassium channels [17] and acts as a mitochondrial uncoupler [18] .
The starting point of the current study is the observation that Rottlerin not only inhibits proliferation, but also kills MCF-7 cells, in not starved conditions and in the absence of any other treatment.
The MCF-7 cell line is an interesting model for studying the efficacy of anticancer drugs because this cell has a high apoptotic threshold due to caspase 3 gene deletion [19] and Bcl-2 overexpression [20] . In addition, Beclin-1, the mammalian ortholog of yeast Atg6/Vps30 with a key role in autophagosome formation [21] , is expressed at low basal levels in MFC-7 cells [22] , hence they are expectedly also resistant to autophagy triggered by canonical pathways. Moreover, MCF-7 cells are transglutaminase 2 (TG 2) deficient [23] , thus they are refractory to the TG 2 downregulation-mediated autophagy that has been described in other cancer cells following Rottlerin treatment [10] .
Therefore, we wondered whether autophagy or apoptosis occurs in dying cells, and whether one is the preceding cause of the other, ultimately resulting in cell death.
Materials and Methods

Materials.
Minimum essential medium (MEM), fetal bovine serum (FBS), antibiotics, dimethyl sulfoxide (DMSO), 3-methyladenine (3-MA), and monodansylcadaverine (MDC) were from Sigma (Milan, Italy). Flasks and culture plates were from Steroglass (Milan, Italy). Rottlerin was from Calbiochem (Milan, Italy). M-PER Mammalian Protein Extraction Reagent and Halt Protease and Phosphatase inhibitor cocktail were from Pierce (Milan, Italy). Antibodies against caspase 9, caspase 3, PARP, Bcl-2, Beclin-1, LC3, SQSTM1/p62, and β-actin were from Cell Signaling Technology (Celbio, Milan, Italy). Equipment and all reagents for protein assay and western blotting analysis were from Invitrogen (Milan, Italy). Nitrocellulose and ECL western blotting system were from GE Healthcare (Milan, Italy).
Cells and Culture Conditions. MCF-7
3def cells, derived from a pleural effusion of human breast adenocarcinoma, were supplied by Istituto Zooprofilattico Sperimentale della Lombardia e dell'Emilia-Romagna, (Brescia, Italy). MCF-7 3trans cells were a kind gift from Dr. R. U. Jänicke [24] . Cells were grown and maintained in 25 cm 2 tissue culture flasks in a humidified atmosphere (95% air/5% CO 2 ) at 37
• C in MEM containing 10% FBS, Na-Pyruvate (1 mM), glutamin (2 mM), and antibiotics (100 U/mL penicillin, 100 μg/mL streptomycin, and 250 ng/mL amphotericin B). After reaching subconfluence, cells were treated with the indicated concentrations of Rottlerin or vehicle (DMSO) in complete medium containing 2.5% FBS for the indicated periods.
Sulforodamine (SRB)
Assay. The cytotoxicity of Rottlerin was evaluated by the SRB colorimetric assay. This assay, originally described by Skehan et al. [25] measures cellular protein content to determine cell density. Cells were seeded in triplicate on 96-well plates, incubated 4-6 h at 37
• C to allow adherence, and incubated with 20 μM of Rottlerin for 24-72 h or with an increasing concentration (0.1-100 μM) of Rottlerin for 24 h. Following treatment, the medium was aspirated, and cells were washed two times with PBS and fixed by addition of 100 μL/well of cold 10% trichloroacetic acid (TCA). The plate was incubated at 4
• C for 30 min before being gently washed four times with tap water to remove TCA, growth medium, and dead cells. It was allowed to dry in air, then 100 μL of 0.4% w/v SRB dissolved in 1% acetic acid in water was added to each well for 30 min. At the end of the staining period, unbound SRB was removed by washing four times with 1% acetic acid. The plate was air dried again, and 200 μL of 10 mM aqueous Tris base (pH 10.5) was added into each well to solubilize the cell-bound dye. The plate was mixed for 30 min by pipetting up and down to dissolve the dye completely. The optical density (OD) was recorded in a microplate spectrophotometer at 550-580 nm.
Direct Cell Counting. MCF-7
3def cells were seeded in triplicate on 6-well plates and incubated for 4-6 h at 37
• C to allow adherence. After incubation with 20 μM of Rottlerin for 24-72 h or with an increasing concentration (0.1-100 μM) of Rottlerin for 24 h, cells were trypsinized, resuspended in MEM, and stained by mixing (1 : 1) with 4% Trypan Blue dye solution (diluted in PBS). The number of cells which excluded Trypan Blue (considered viable) was counted in a Burker chamber within 5 min after staining.
Morphology Study-Fluorescent Microscopy.
For analysis of apoptotic cell death, Hoechst 33342 staining was used. The dye freely crosses the plasma membrane, binds specifically to the A-T base region of DNA, and emits fluorescence. (20 μM) , were stained with Hoechst 33342 (10 μg/mL in PBS) in the dark at room temperature for 30 min. After incubation, cells were examined at 355 nm excitation and 460 nm emission by inverted fluorescence microscopy (Nikon Eclipse TE 300, Germany). Intact undamaged nuclei are homogeneously stained, while apoptotic nuclei exhibit clumps of hypercondensed chromatin. Morphological changes occurring in Rottlerin-treated cells were also observed under phase contrast microscope and photographed using CCD camera attached to the microscope.
Morphology Study-Transmission Electron Microscopy (TEM)
. TEM was used to determine the ultrastructure of intracellular components of treated and control MCF-7 3def cells. After 18 h of 20 μM Rottlerin treatment, cells, cultured in 6-well plates, were trypsinized fixed in 2.5% glutaraldehyde in PBS, pH 7.4, at 4
• C. They were then washed in PBS and postfixed in 1.33% osmium tetroxide for 2 h at 4
• C. After several washes in PBS, the samples were dehydrated in graded alcohols, transferred into toluene, and embedded in Epon 812 resin. The resin was allowed to polymerize in a dry oven at 60
• C for 24 h. Ultrathin sections were stained with uranyl acetate-lead citrate and evaluated on a Philips CM 10 transmission electron microscope (Philips, Eindhoven, The Netherlands). Each observation was carried out independently 6-7 times per sample.
Detection of Autophagic Vacuoles with Monodansylcadaverine (MDC). MCF-7
3def cells were cultured on 24-well plates for 6, 18, and 24 h in MEM 2.5% FBS with or without 20 μM Rottlerin. Following treatments, autophagic vacuoles were detected by incubating the cells at 37
• C for 10 min in PBS containing 50 μM MDC, a widely used special tracer for autophagic vacuoles [26] . After incubation, cells were washed four times with PBS and immediately analyzed at 380 nm excitation and 525 nm emission by inverted fluorescence microscopy (Nikon Eclipse TE 300, Germany).
Bcl-2 Silencing and Overexpression. MCF-7
3def cells were transfected using Neon Transfection System (Life Technologies, 100 μL tip, 1100 V, 30 ms, 2 pulses, transfection efficiency ∼70%, and viability ∼80%) with 40 nM Bcl-2 siRNA (Sigma, EHU135281) or 1 μg of pcDNA3 Bcl-2 expression vector (kind gift from Yamamoto et al. [27] ) and seeded on 6-well plates. Twenty four hours after transfection, cells were treated with Rottlerin (1, 10 μM) or vehicle (DMSO) for further 24 hours and processed for western blot analysis. In an attempt to better reveal the eventual role of Bcl-2 in the Rottlerin autophagic effect, lower concentrations of Rottlerin were used.
Protein Extracts.
Cells were cultured in 25 cm 2 culture flasks and, at about 70-80% confluence, were treated with 20 μM Rottlerin for different times at 37
• C. After treatments, cells were washed with PBS and then lysed with 0.1 mL of M-PER mammalian protein extraction reagent containing a cocktail of protease and phosphatase inhibitors. After shaking for 10 min, the lysates were collected and transferred to 1.5 mL centrifuge tubes. Cell debris was pelleted by centrifugation at 14,000 ×g for 15 min. The supernatants were transferred to new tubes, and the protein concentration was measured using Bio-Rad protein assay reagent.
Western Blotting Analysis.
Cell extracts, each containing 40 μg of total protein, were resolved on a precast 4%-20% SDS-polyacrylamide gradient gel. Proteins were electrotransferred onto nitrocellulose membranes which were blocked by 5% nonfat dry milk in TBS containing 0.1% Tween 20 for 1 h at room temperature. Then, the blots were probed with primary polyclonal antibodies overnight at 4
• C. After washing, horseradish peroxidase-conjugated IgG was added for 1.5 h at room temperature. β-actin was used as a loading control. The blots were developed by the ECL and exposed on photographic film. Immunoreactive bands were quantified by Image J analysis software.
Statistical Analysis.
All experiments were repeated at least three times. The data were expressed as means ± SD. The differences between the Rottlerin-treated and control cells were analyzed using the Student's t test, a probability of P < 0.05 being considered significative.
Results
Rottlerin Kills MCF-7 3de
f Cells. Since we previously found that Rottlerin interferes in the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) viability test [28] , in the current study, the Rottlerin cytotoxicity on MCF-7 3def cells was evaluated by the SRB assay. As shown in Figure 1 (a), a 24-hour treatment with 0.1-100 μM Rottlerin induced cytotoxicity dose dependently with an IC50 of approximately 20 μM. As shown in Figure 1 (b), a 20 μM Rottlerin treatment for 24 to 72 h, time dependently, induced cytotoxicity and also lowered the initial number of seeded cells (Figure 1(c) ), demonstrating that the decreased cellularity in Rottlerin-treated cultures, in addition to growth inhibition, was due to cell death.
These results have been confirmed by Trypan Blue exclusion test and direct cell counting in the Bürker chamber (Figures 1(d)-1(e) ).
Rottlerin Does Not Induce Apoptosis in MCF-7 3de f Cells.
Next, we investigated whether Rottlerin induces apoptosis in MCF-7 3def . As showed in Figure 2 (a), western blot analysis revealed that despite a slight decrease of the antiapoptotic protein Bcl-2, no caspase 9 activation was observed up to 24 h of treatment. Although the cleavage of poly ADP-ribose polymerase (PARP) occurred after 18 h and 24 h treatment, nuclear staining with Hoechst 33342 (Figure 2(b) ), at the same time points, failed to reveal any typical apoptotic nuclear change. Nevertheless, ultrastructural analysis using TEM showed some nuclear morphological alterations, such as chromatin clumping and marginalization in MCF-7 3def cells treated with Rottlerin for 24 h (Figure 3(c) ), indicating that a late onset of (caspase-3 independent) apoptosis might contribute to cell death. However, since Rottlerin caused the loss of about 50% of cells within 24 h, we concluded that the large majority of MCF-7 3def died by a mechanism other than apoptosis. An ultrastructural analysis by TEM confirmed the presence of large vacuoles that accumulated in the cytoplasm after a 24-hour treatment (Figure 3(c) ). To assess whether cellular vacuolisation had reference to autophagy, we detected the formation of autophagosomes through MDC staining. As shown in Figure 4(a) , under a fluorescence microscope, vacuoles stained with MDC appeared as dot-like structures distributed in the cytoplasm, which increased over time, from 6 to 24 h after Rottlerin treatment, thus confirming their autophagic nature. To further substantiate this result, we examined if there were increased levels of the autophagosomes-associated lipidated LC3-II form, a specific marker of autophagy in mammalian cells [29] . Immunoblotting analysis of cell lysates was performed using an anti-LC3 antibody that detects both LC3-I and LC3-II. As shown in Figure 4 (b), in control MCF-7 3def cells, we detected the presence of both LC3-I and LC3-II bands, the densitometry of which resulted in a LC3-II/LC3-I ratio of about 0.2, likely representing the basal level of autophagy that exists in resting cells. Upon Rottlerin treatment, the LC3-II/LC3-I ratio increased very rapidly (1 h), peaked at 18 h, and was sustained over time (about 4-fold higher than in control after 24 h). This temporal behavior indicates that autophagy occurs prior to and independently of the apoptotic process. In order to exclude that the accumulation of LC3 was due to inhibition, rather than induction of autophagy, we measured the sequestosome-1 (SQSTM1)/p62 protein, as a marker of autophagic flux. As shown in Figure 4 (c), western blotting analysis revealed that it was degraded during the late autophagic process (18-24 h) .
Rottlerin Induces Autophagy in MCF-
Rottlerin Induces Beclin-1-Independent Autophagic Death
in MCF-7 3de f Cells. As Beclin-1 has a key role in autophagosome formation, mediating the localization of other autophagy proteins to the preautophagosomal membrane, we evaluated its involvement in Rottlerin-induced autophagy. As shown in Figure 5(a) , the MCF-7 cell line used in this study expresses Beclin-1 at very low levels, like many other MCF-7 subclones [22] , and, most importantly, Rottlerin did not induce its expression in cells undergoing autophagic death. Moreover, although Rottlerin downregulated Bcl-2 (Figure 2) , neither silencing nor overexpression of Bcl-2 leads to change in Rottlerinincreased LC3 I/II ratio ( Figure 5(b) ). Thus, regulation of Bcl-2 is just a parallel effect and has no functional role in Rottlerin-induced autophagy. Consistent with the Beclin-1 independency, 3-MA (5 mM), which inhibits the class III PI3K (Vps34)/Beclin-1 complex and thus autophagosom formation [30] , did not affect LC3II generation when used both alone and in combination with Rottlerin for 6 h ( Figure 5(c) ). 
Reexpression of Caspase 3 Restores Apoptotic Capacity in MCF-7.
We preliminarily assessed the Rottlerin cytotoxicity in MCF-7 3trans . As shown in Figure 6 (a), 20 μM Rottlerin treatment for 18 and 24 h, time dependently, lowered the initial number of seeded cells to about 80 and 65%, respectively. As revealed by Hoechst 33342 staining (Figure 6(c) ), most Rottlerin-treated cells showed nuclear clumps of condensed chromatin, indicative of apoptosis-like changes. Under phase contrast microscope, the Rottlerin-treated MCF-7 3trans cells showed additional apoptotic changes, such as cell rounding and shrinkage (Figure 6(b) ). To provide further evidence that Rottlerin triggered an apoptotic pathway in MCF-7 3trans cells, the expressions of key apoptosis-related proteins were assessed. As shown in Figure 6(d) , activation of caspases 9 and 3 and PARP cleavage were observed after 18 and 24 h of Rottlerin treatment, indicating that Rottlerin triggered the intrinsic apoptotic pathway in MCF-7 3trans cells. Moreover, a drop in Bcl-2 protein levels was found at 18 and 24 h time points, likely due to the Rottlerin inhibition of NFκB. Furthermore, a modest increase in LC3-II was observed after Rottlerin exposure, indicating the onset of a weak autophagic program also in MCF-7 3trans cells.
Discussion
There is an increasing evidence that one of the major underlying defects in most cancers is an inhibition of normal apoptosis. Resistance of cancer cells to apoptosis results in higher survival capacity and enhances the malignant potential of the tumor, allowing accumulation of mutations, favoring metastasis, and rendering cancer cells refractory to therapy and to host defenses. Overexpression of survival molecules is often the cause of an intrinsic chemoresistance to multiple chemotherapeutic agents [31] . NFκB is generally overexpressed in cancer, where the constitutive transcription of key molecules involved in cell cycle control, and apoptosis facilitates proliferation and survival of malignant cells [32] . NFκB is indeed a transcription factor for cyclin D1, survivin, IAP1, IAP2, XIAP, Bcl-2, and many other regulatory molecules [33] .
We have previously demonstrated that the MCF-7 breast cancer cells proliferation is strongly inhibited by Rottlerin, through a mechanism involving NFκB inhibition and cyclin D1 downregulation [3] .
Since NFκB is considered an excellent target for anticancer therapy and its inhibition by Rottlerin has been also documented in human colon adenocarcinoma HT29 cells [4] , Rottlerin was expected to interrupt the process of cancer progression at multiple levels and in different cells.
We, firstly, verified that Rottlerin, in addition to arrest growth, actually kills MCF-7 cells. Although this cell line is known to be resistant to apoptosis, due to caspases 3 deficiency and Bcl-2 overexpression, Rottlerin exhibited a time-and dose-dependent cytotoxic effect with an IC50 of approximately 20 μM after 24 h. The next step was to evaluate the occurrence of apoptotic death, eventually caspases-3-independent. Despite a modest decrease in Bcl-2 protein expression, consistent with NFκB inhibition, no clear signs of apoptosis were found in MCF-7 3def cells. In fact, caspase 9 cleavage was completely absent, and Hoechst 33342 staining failed to detect changes in nuclear morphology after Rottlerin exposure as long as 24 h. However, at 18 h and 24 h time points, an 85 KDa PARP fragment was detected by western blotting, likely generated by activated caspase 7 that, although unable to process caspase 9 and thus to propagate the caspase activation cascade, has been reported to efficiently cleave PARP [34] . Additionally, the ultrastructural analysis showed alterations in chromatin structure after 24 h, suggesting that a late onset of apoptosis likely occurred in the few (roughly halved) survived MCF-7 3def cells. On the other hand, dying cells showed early and extensive accumulation over time of cytoplasmic vacuoles, a hallmark of autophagy, following Rottlerin treatment. The evidence of their autophagosomal nature was confirmed by MDC labeling and western blotting of LC3, and the autophagic clearance was confirmed by western blotting of SQSTM1/p62.
The Bcl-2 protein, in addition to its antiapoptotic action, is also known to prevent cells from undergoing autophagy, by inhibiting the autophagy-promoting protein Beclin-1 [35] . Consistently, a previous study reported that Bcl-2 silencing by siRNA was sufficient to induce MCF-7 cells autophagic death [20] . However, we found that Rottlerininduced autophagy is not due to Beclin-1 derepression following Bcl-2 downregulation, since Beclin-1 is neither expressed at significant levels nor induced by Rottlerin. In addition, Bcl-2 silencing or overexpression does not affect the autophagic response to Rottlerin that occurs even at lower drug concentrations (1 and 10 μM) .
These results are fully consistent with the absolute irrelevance of the presence of 3-MA in the Rottlerin-induced conversion of LC-3I to LC-3II and, though indirectly, confirm that Beclin-1 does not play any role.
Furthermore, although Rottlerin has been recently reported to stimulate autophagy via inhibition of PI3K/ Akt/mTOR pathway in pancreatic cancer stem cells [36] , we exclude the possible negative regulation of Akt (and ERK) activity in Rottlerin-induced autophagy, since our previous study on Rottlerin-treated MCF-7 cells failed to reveal any change in the phosphorylation status of both kinases [3] .
Overall, these findings indicate that an unusual autophagic pathway is triggered by Rottlerin in MCF-7 cells.
In order to clarify whether autophagy induction is the only strategy that Rottlerin adopts to kill MCF-7 cells, we exposed to Rottlerin an MCF-7 cell line, stable transfected with caspases 3. In this case, all the apoptotic features were present; in fact, cleavage of caspase 3, caspase 9 and PARP, cell rounding and shrinkage, and nuclear chromatin condensation occurred after 18-24 h of Rottlerin treatment. As judged from the modest increase in LC3II in the 3-24 h time course, a weak autophagic program was also activated in MCF-7 3trans cells, likely for survival and/or apoptosis delaying purposes. This is also suggested by the quite surprising finding of lowered cell death rate in the Rottlerin-treated MCF-7 3trans cells. Our results are in partial agreement with a previous comparative study between 3def and MCF-7 3trans cells, where Fenretinide, a synthetic derivative of retinoic acid, triggered autophagy in the former and apoptosis in the latter, thus confirming that, depending on their caspase-3 status, MCF-7 cells may switch between type II and type I PCD [37] . Fenretinide, however, strongly differs from Rottlerin in the mechanism of autophagy induction. Indeed, this drug, unlike Rottlerin, triggered the canonical autophagic death program by increasing Beclin-1 expression.
Conversely, another comparative study between MCF-7 3def and MCF-7 3trans cells has shown that the natural polyphenol resveratrol induced autophagic death in Beclin-1-silenced MCF-7 3def cells, suggesting that both Rottlerin and Resveratrol bypass the activity of Beclin-1 to activate autophagy in MCF-7 cells [38] .
Conclusion
We have demonstrated that Rottlerin is capable of triggering caspase-dependent or autophagic, caspase-independent cell death in MCF-7 cells, depending on the functional availability of caspase 3.
While the apoptotic process appears to follow the classical mitochondrial pathway, the autophagic death, being Bcl-2, Beclin-1, Akt and ERK independent, appears to be triggered by noncanonical signaling cascades. Studies are in progress to reconstruct the chain of events from phenomenology to molecular mechanisms.
Nevertheless, the results of the current study suggest that the concept of Rottlerin as a multitarget anticancer drug could be generalized, beyond MCF-7 cells, for other cancer cell types, both apoptosis competent and apoptosis resistant. For an evidence-based application, however, further preclinical studies in cancer cells with different backgrounds are strongly demanded.
